certain enzyme-susceptible penicillins to antibiotically inactive compounds, the process thus affording selective advantage to the B-lactamase-producing organisms. The argument favoring the protective (selective) hypothesis generally is based on the observations that penicillin-producing organisms in the soil at least presumably reside in close proximity ecologically to p-lactamase-producing cells and thus there must be selective advantage for the latter. The difficulty with this thesis is that, au naturel, despite the presence of antibiotic-producing organisms in the soil, it has not been possible to isolate the antibiotic free in such loci. It may be argued, of course, that the amounts of antibiotic produced are so low as to make its presence indiscernible. However, methods for extraction and detection of penicillin are extremely efficient and assays measuring as little as 10 ng per g of soil are on hand. Beyond this, it is unlikely that penicillin, if produced, could survive the acid pH in soils in which the producer is found (3) . A theoretical reason for the anomaly that cells capable of producing the antibiotic in culture do not do so in the soil, may be that, at least in culture, the antibiotic is produced only during the period of secondary metabolism in the stationary phase of growth after log phase growth. Since, except under very unusual conditions, organisms do not multiply logarithmically au naturel, they presumably would not have gone through the necessary metabolic activities leading to the producing stage.
For reasons such as the above and others (9) , this laboratory has concerned itself with other possibilities for the role of ,B-lactamase in producing cells. Some years ago (10, 11) , it was reported that certain synthetic cyclic peptides, unrelated chemically to the penicillins, were able to act both as inducers of and substrates for penicillinases derived from strains of Bacillus cereus and Staphylococcus aureus. Cohen and Sweeney (2) described certain constitutive mutants in S. aureus in which the penicillinase was unlinked to the plasmid-specified enzyme and hypothesized that this unlinked locus specified the synthesis of an internal inducer involved in some manner with cell wall synthesis, the mutation leading to the accumulation of cell wall fragments which in turn endogenously induced fB-lactamase. The organism produced only intracellular ,B-lactamase; no activity was ever observed in the culture filtrate.
Testing of cultures for endogenous ,B-lactamase activity. Growth cycle curves were performed numerous times. In every instance, the curves were virtually superimposable, as long as all conditions were similar. One milliliter of an 18-h culture in TSB was inoculated into 50 ml of TSB in 125-ml Erlenmeyer flasks and incubated with shaking at 37 C in a new Brunswick gyrotary shaker. At specified time intervals, cells were withdrawn and appropriate concentrations (by centrifugation and resuspension) or dilutions were made, so that for all time periods tested for endogenous activity the cell suspension contained 8.5 x 106 cells/ml. In all instances, cells were resuspended in appropriate volumes of the same medium from which they had originally been grown. ,8-Lactamase activity was then determined.
Assay of ,3-lactamase activity. #B-Lactamase activity was determined by the micro-iodometric technique as described by Citri (1) . A unit of s-lactamase is defined as that amount of enzyme that hydrolyzes 1 ,gm of benzyl-penicillin in 1 h at 30 C.
Induction of,-lactamase. Since high activity of ,B-lactamase, either endogenously or induced with benzylpenicillin or methicillin, was present in lag or very early log phase cultures, 3-to 4-h-old cells were collected by centrifugation after incubation in TSB at 37 C with shaking and adjusted by addition of fresh TSB to an optical density of 2.25 at 660 nm. Twotenths of a milliliter of the inducing substance were added to 0.8 ml of this cell suspension and the stoppered tubes were incubated with shaking at 37 C for 3 h and assayed for f-lactamase activity.
Preparation of endogenous induer. Four liters of TSB were inoculated with 400 ml of an 18-to 24-h-old culture containing 2 x 109 cells/ml. After 2 to 3 h of incubation with shaking at 37 C, the cells were harvested by centrifugation in a Sorvall RC2B centrifuge at 5 C at 16,000 x g for 10 min. A 15% (vol/vol) suspension of cells made in distilled water, 5 g of glass beads (0.45 by 0.50 mm diameter, Will Scientific) were added and the slurry was treated for 90 min in a Branson 20KC sonifier at 5 C. Breakage was monitored by phase microscopy (90% breakage occurred in this time interval), The material was then centrifuged at 16,000 x g for 10 min and the supernatant was collected. Alternatively, the same disruption could be obtained in 15 min in a Braun homogenizer. The supernatant fluid was extracted with 10% trichloroacetic acid (final) at 3 C for 10 min and recentrifuged at 16,000 x g for 10 min. This supernatant was then dialyzed for 20 h against two changes of distilled water (each of 4 liters) and the dialysate was then stored at -20 C.
Gel filtration for purification of inducer. Onemilliliter samples of the trichloroacetic acid-soluble fraction were applied to a Sephadex G50 (medium) column (1.8 by 25.0 cm). Water was then added and a flow rate of 24 ml/h was established. Samples of 1.0 ml were collected on an LKB-fraction collector. Crystalline cytochrome c (molecular weight 12,000) and blue dextran (molecular weight 2 x 106) were used as markers. Forty-eight 1.0-ml fractions were collected, absorption of each was measured at 209 nm in a Beckman Acta III spectrophotometer, and appropriate fractions were pooled as indicated in the figures below. All three pools so obtained were tested for inducing ability and chemical analysis of each was carried out. DEAE-celiulose chromatography for purification of inducer. Three-tenths-milliliter portions of the crude extract prepared in the Braun homogenizer were applied to diethylaminoethyl (DEAE)-cellulose columns (0.5 by 10 cm). In general, for each experiment, 10 similar columns were made. The columns were washed with distilled water, followed by elution with 1.25 M NaCl in 0.5 M phosphate buffer, pH 6.5. One-milliliter fractions were collected from each of the 10 columns, and the same fractions were pooled and then dialyzed at 5 C for 20 h against two changes of distilled water (4 liters each). The resulting dialysates were assayed for inducing activity, for protein, for N, by the Kjeldhal method, and for total phosphate and chloride (4).
Paper chromatography of hydrolyzed inducing material and cell walls. Trichloroacetic acid-soluble fractions were hydrolyzed with 6 N HCl in sealed glass tubes for 6 h at 110 C. The acid was then removed by flash evaporation, and the residue was washed with water and re-evaporated. The resultant products were then resuspended to initial volume in water. For amino acids and sugars, one-dimensional descending paper chromatography was performed on Whatman no. 1 filter paper using a solvent mixture of butanol-acetic acid-water, 4:1:5 (by volume).
One-dimensional descending paper chromatography was also performed to separate muramic acid from alanine and glucosamine. In this instance, the solvent system was butanol-pyridine-acetic acidwater in a ratio of 30:20:6:20 (by volume). The sprayed papers were developed by drying in air after spraying and then placed in an oven at 110 C for 3 min. In all instances, appropriate controls bf amino acids, muramic acid, and glucosamine were run through hydrolysis procedures and then were treated as the experimental samples.
Quantitative analysis of inducing materials. Inducer and effluents obtained from Sephadex filtration were hydrolyzed with 6 N HCl for 6 h, followed by flash evaporation. The residue was then dissolved in 1.0 ml of distilled water and analyzed for amino acids, amino sugars, and muramic acid on a Beckman 120C amino acid analyzer.
Cell wall preparation. Cell walls were prepared according to Salton (8) as modified by B. L. Beaman (personal communication) as follows: 4 g of wet cells (wt/vol) were suspended in 15 ml of distilled water, and 40 g of glass beads, size 0.17 to 0.18 mm, made specially for the Braun homogenizer were added. The suspension was treated for 4 min in the Braun homogenizer.
The disrupted cells were decanted from the beads and centrifuged at 16,000 x g for 10 min at 4 C. The sediment obtained was washed five times with distilled water and centrifuged, and the sediment obtained was then treated with 200 ml of 1 M potassium chloride and kept overnight. It was then centrifuged at 16,000 x g for 20 min at 4 C and the sediment was washed with distilled water and centrifuged at 16,000 x g for 20 min at 4 C. This procedure was repeated three times.
The cell walls were suspended in 10 ml of 0.05 M potassium phosphate buffer, pH 8.0, and 10 mg of trypsin was added. The preparation was then incubated at 37 C for 3 h. The suspension was then centrifuged, and the sediment was washed with distilled water five times and then resuspended in 10 ml of 0.05 M glycine-hydrochloric acid buffer, pH 2.2. Ten milligrams of pepsin was added, and the mixture was incubated at 37 C for 3 h, centrifuged as above, and washed with distilled water five times. The cell walls thus obtained were observed under the Philips E-300 electron microscope by negative staining and were apparently pure and homogenous.
For chemical analysis, 1 ml of the cell walls was hydrolyzed in 6 N HCl for 6 h and flash evaporated to remove the HCl, and the hydrolysate was chromatographed on paper as described above. Figure 1 shows that high levels of ,B-lactamase arise, in the absence of added inducer, during FIG. 1. Growth and ,8-lactamase activity. Twenty milliliters of a stationary phase culture of S. aureus was inoculated into 1 liter of TSB medium and incubated at 37 C with shaking. At various time intervals as shown in the figure, samples were withdrawn, diluted with fresh TSB medium, and plated on nutrient agar, and colonies were counted after overnight incubation (x). At the same time intervals, samples were withdrawn, and appropriate dilutions or concentrations were made in centrifuged supernatant medium so that 1.0 ml contained 8.5 x 106 cells. This suspension was assayed for ,3-lactamase (0). late lag and early log phases of S. aureus. It is recognized that the "zero" time is not really so, since the manipulations involved in the experimental procedure require approximately 15 to 20 min. It is important to note that the levels of 6-lactamase decline steeply during mid-and later log, at times when the culture is presumably not depleted of nutrients required for all other forms of macromolecular synthesis associated with exponential growth. It should be added that a similar situation prevails when methicillin is added as an inducer. In this instance the cultures reach the highest levels of induced fB-lactamase activity at 3 h (115 to 250 U) and rapidly decline at mid-and late log, periods of most rapid macromolecular biosynthesis and cell division.
Isolation of "endogenous" inducer. Since the experiments reported above show that the highest levels of endogenous activity occur at late lag phase (2 to 4 h after inoculation), attempts were made to isolate the inducing compound from cultures of this age. Figure 2 indicates the methodology used for isolation and characterization of the substance exhibit-VOL. 6 ing effector activity. Table 1 shows that the crude extract (supernatant 1 of Fig. 2 ) and the trichloroacetic acid-soluble fraction derived by treatment of the crude extract with trichloroacetic acid (supernatant 2 of Fig. 2 ) both exhibit inducing activity to levels somewhat higher than attained with benzyl penicillin (which is, of course, hydrolyzed by the forming and formed B-lactamase) but less than levels obtained using methicillin (not hydrolyzed by the enzyme). It must be noted that the activity in the trichloroacetic acid-soluble fraction was variable in that on occasion the inducer was not soluble in trichloroacetic acid but remained totally in the precipitate or partitioned equally between supernatant and residue. We have no ready explanation for this variability. The possibility that the active fraction was membrane bound and that this could account for variation in activity led to experiments in which the crude extract was first treated with 1% Triton X and then precipitated with trichloroacetic acid. The same variability was observed. It is of extreme significance that we were able to isolate inducing activity only from 2-to 4-h-old cultures. Cells collected at various time periods from midlog through stationary phases and treated in precisely the same manner as described for 2-to 4-h-old cultures never yielded a fraction capable of inducing B-lactamase activity.
The active trichloroacetic acid-soluble inducer was stable to 100 C for at least 10 min as well as to storage at -4 C for a period of at least 2 months. Scanning spectrophotometry (174 to 700 nm) of this fraction indicated that the only peak observed was at 209 nm, with no absorption at 260 or 280 nm. These observations coupled with those reported in references 6 and 7 were consistent with the possibility that the active fraction was a peptidoglycan. Accordingly, the active fraction was acid hydrolyzed and then chromatographed.
Paper chromatography of hydrolysates of the endogenous inducer. Figure 3 shows a chromatogram of an acid hydrolysate of the trichloroacetic acid-soluble inducer. It is evident that lysine, glutamine, glucosamine, glycine, glutamic acid (presumably arising from hydrolysis of glutamine), and a spot containing muramic acid and/or alanine were present. Use of n-butanol, pyridine, acetic acid, and water Chromatography of the trichloroacetic acid-soluble fraction onSephadex. The active fraction was placed on a Sephadex G50 (medium) column using crystalline cytochrome c and blue dextran as markers (Fig. 2) . Figure 4 shows the three peaks obtained by scanning the effluent at 209 nm. Peak 1, the only peak showing inducing activity, eluted after the blue dextran (molecular weight 2 x 106) and peak 3 before cytochrome c (molecular weight 12,000).
Nitrogen determinations were carried out and the specific activity of peak 1 was compared with those of the crude extract and.the trichloroacetic acid-soluble extract. Table 2 shows the results. The specific activity of the trichloroacetic acid-soluble extract was approximately eight times that of the crude extract and peak 1 six times that of the trichloroacetic acid-soluble fraction, yielding an overall increase in specific UNi KI3IWA F. WI UItU   FIG. 4 . Chromatography of the trichloroacetic acid-soluble inducer on Sephadex G50 (medium). A 1.0-mi sample of. trichloroacetic acid-soluble inducer was applied and 1.0-mI fractions were collected in an LKB fraction collector at room temperature. Fractions were scanned for absorbance at 209 nm (0). Fractions 14-22, 22-34, 34-40 were pooled independently and assayed for inducing activity (shaded area) and specific activity (-----). a ,B-Lactamase and nitrogen estimations were determined as described. Amino acids, i.e., cysteine, glutamine, glutamic acid, and lysine, were used as standards to assess the recovery of nitrogen.
b To calculate specific activities, the control value of 5.5 U/ml was subtracted from each of the fractions. activity of peak 1 compared to the crude extract of 53-fold. The four amino acids in Table 2 were run through the entire purification procedure to assess the recovery of nitrogen.
Amino acid analysis of peaks from Sephadex columns. Each of the three peaks from the Sephadex column were hydrolyzed and analyzed on the Beckman 120C amino acid analyzer for amino acids and amino sugars. Table 3 shows the results of the analysis. Peak 1 contained all the components of S. aureus peptidoglycan. This peak, the only one with inducing activity, was also the only one to contain muramic acid. We have never found any fractions with inducing activity which did not contain muramic acid. Peaks 2 and 3 both contain amino acids but were devoid of muramic acid and glucosamine and, as indicated above, were not inducers.
Similar results were obtained when crude homogenates were prepared in a Braun homogenizer and then chromatographed on DEAE-cellulose, though here, of course, numerous other amino acids were present in this hydrolysate.
Comparison of inducer and purified cell wall composition. Since the endogenous inducer is seemingly a peptidoglycan, it was of interest to compare its composition with that of a VOL. 6, 1974 in the producing cell of potentially greater significance than the ability to hydrolyze a susceptible antibiotic to an inactive form. We have previously proposed the possibility of the enzyme's involvement in cell wall metabolism. In B. cereus, work from this laboratory indicated that,-lactamase activity and the sporulation process were interrelated (6, 7) .
In that sporulating organism, it was observed that ,B-lactamase-negative mutants concomitantly exhibited changed sporulation characteristics, that the addition of exogenous 6-lactamase both accelerated sporulation and corrected the differences, and that 6-lactamase appeared spontaneously, in the absence of added inducer, just before the onset of sporulation. An endogenous inducer, with the composition of a partially cross-linked peptidoglycan, was isolated, which, on a molar basis, was equal to or greater than the various penicillins in inducing capacity. Even a benzyl penicillin-susceptible strain of B. subtilis produced d-lactamase, though at lower levels, endogenously just before the onset of sporulation. purified cell wall preparation derived from the same organism. Hydrolysates of both inducer and purified cell walls were prepared in the same manner as described in Materials and Methods and placed on the amino acid analyzer. Table 4 shows that both inducer and cell wall hydrolysates were qualitatively similar in respect to major components in that both contained muramic acid, glucosamine, glutamic acid (glutamine), glycine, and lysine. Small amounts of other amino acids, not usually considered as part of the peptidoglycan but frequently found at such levels in cell wall preparations, were also present. Valine was found in relatively large amounts in the cell wall but not in the inducer. Despite the empirical similarities between wall and inducer, neither the intact cell wall nor the fragments obtained after sonication, treatment with trichloroacetic acid, and column chromatography exhibited inducing activity. The compound presumably responsible for the induction of the enzyme is a peptidoglycan, similar in composition to the whole cell wall of S. aureus, but less cross-linked. The observation that intact purified staphylococcal cell wall preparations, carried through the same isolation procedure as for the endogenous inducer and which did not stimulate induction, is consistent with the possibility that the true inducing compound is nascent cell wall rather than a fragment of already existing fully formed wall.
DISCUSSION
It is, of course, of extreme interest that the endogenous inducer of staphylococcal penicillinase appears only in the lag and very early log phases of growth of the culture. Per se, this would indicate that the enzyme plays a role in the organism other than hydrolysis of susceptible penicillins. We have as yet no information concerning the function of the ,B-lactamase beyond that it would appear to be concerned with cell wall metabolism, since the inducing compound is a peptidoglycan. The observation that cell wall composition may vary depending on the phase of the growth cycle is, of course, not novel (12) . The lag phase is not well understood, but there is general agreement that it is a period of intense metabolic activity and indeed, e.g., the rate of protein synthesis per cell would appear to be comparable to that occurring in log phase. It could be postulated that the ,B-lactamase, operating endogenously, is synthesized during this period to prepare the culture for rapid cell wall formation. We have no evidence at the moment for this hypothesis. Nevertheless, on the basis of the results reported herein, as well as those observed in B.
cereus, the teleological thesis that fB-lactamase functions solely to hydrolyze toxic antibiotics is subject to grave doubt. As summarized earlier (9) , P-lactamase production is not without consequence to the producing cell in many other genera. This consequence has always been related to cell wall breakdown, spontaneous induction of protoplasts under appropriate conditions, or autolysis. All these factors are at the very least related to bacterial cell wall metabolism.
